The following aspects of the loudness of impulsive sounds were investigated on the basis of the data from a round robin test in Japan: (1) The propriety of sound exposure level as a measure for the loudness of impulsive sounds. (2) The effects of duration and decay time. (3) The relation between sound exposure level and the peak values measured by means of time constants of sound level meters. Artificial impulsive sounds were used as stimuli and their loudness was judged, using the method of constant stimuli, in 10 different laboratories in Japan. Results showed that sound exposure level has good correspondence with loudness, and that the values of sound exposure level can be approximated by peak levels measured by means of a time constant of 1 s (Slow). Duration, decay time and carrier frequency had no significant effect.
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The following aspects of the loudness of impulsive sounds were investigated on the basis of the data from a round robin test in Japan: (1) The propriety of sound exposure level as a measure for the loudness of impulsive sounds. ( 2) The effects of duration and decay time. ( 3) The relation between sound exposure level and the peak values measured by means of time constants of sound level meters. Artificial impulsive sounds were used as stimuli and their loudness was judged, using the method of constant stimuli, in 10 different laboratories in Japan. Results showed that sound exposure level has good correspondence with loudness, and that the values of sound exposure level can be approximated by peak levels measured by means of a time constant of 1 s (Slow). Duration, decay time and carrier frequency had no significant effect.
INTRODUCTION
There are many studies on the relation between loudness and physical properties of sounds (see Scharf1) ; Namba,2) for review). The method for the measurement of loudness is defined in ISO 532.3) This method is only for calculating the loudness of steady state complex sounds, and cannot be applied to the loudness of non-steady state sounds. Namba and Kuwano (e.g. 1984,4) 19855)) have done several experiments on the loudness of level-fluctuating sounds and suggested the propriety of "equivalent continuous A-weighted sound pressure level" (LAeq) as an index of the loudness of level-fluctuating sounds.
Impulsive sounds usually have very complicated temporal structures and frequency components.6) The duration of impulsive sounds is less than 1 s, according to the definitions in ISO 22047) and IEC Pub.179A.8) When the duration of sounds is less than 1 s, we have to take the temporal loudness summation into consideration. LAeq is an index based on the energy mean, but not on the energy summation. Where the temporal loudness summation reflects the total energy of sounds, LAeq is inappropriate as a measure for the loudness of isolated impulsive sounds.
The index of the total energy (the square-integrated A-weighted sound pressure) of sounds is "sound exposure level" (L AE), which is defined in ISO 1996.9) It is given by the following equation. Ishizaki and Tachibana11, 12) have conducted a series of experiments concerning the effect of frequency components on the loudness of impulsive sounds. They used actual impulsive sounds with various frequency components, and artificial impulsive sounds whose carrier frequencies were systematically varied. Kato et al. 13 ) did a similar series of experiments and confirmed their results. Namba and Kuwano14) are also examining the validity of A-weighting using impulsive sounds with low frequency components. The results of these experiments suggest that A-weighting is not necessarily adequate for the measurement of the loudness of impulsive sounds. More detailed experiments are needed in order to draw a general conclusion.
Namba et al. [15] [16] [17] [18] [19] [20] [21] [22] have conducted several experiments on the loudness of impulsive sounds with various temporal patterns and durations. According to their results, LpE is a good measure for the loudness of impulsive sounds as a first approximation. The results of their previous eight experiments on the loudness of impulsive sounds are summarized in Fig. 1 . Tachibana et al.10) also found that LpE is a good measure for the loudness of impulsive sounds.
We have had a chance to participate in a round robin test on the loudness of impulsive sounds in Japan.23) Since there was little difference among the data obtained in 10 different laboratories, the data can be regarded as being reliable. So, using the data from this, we will here confirm the findings of our previous experiments concerning the following aspects of the loudness of impulsive sounds. 1) The propriety of LpE as a measure for the loudness of impulsive sounds.
2) The effects of duration and decay time. sounds, a round robin test was conducted in 10 different laboratories in Japan. The members who participated in the round robin test are listed in Table  1 . They live in various parts of Japan.
Stimuli
Artificial impulsive sounds were used as stimuli . Examples of the time patterns of the stimuli are shown in Fig. 2 . The stimulus conditions used are shown in Table 2 , that is : three kinds of steady duration; three kinds of decay time; three kinds of peak level; and two kinds of carrier signal. As carrier signals, 1 kHz sinusoidal wave and asymmetric rectangular wave were used. The asymmetric rectangular wave was composed of two waves with fundamental frequencies of 440 Hz and 1,175 Hz. The spectral pattern of the asymmetric rectangular wave is shown in Fig. 3 . These stimuli were recorded on magnetic tapes and delivered to each laboratory.
Apparatus
The stimuli were reproduced by a tape recorder and presented to the subjects through an amplifier and headphones in a sound-proof room. Each laboratory made use of the same type of headphones (YAMAHA HP1000) whose frequency response had been checked. The ambient level in the sound-proof rooms where the experiments were conducted was less than 35 dB(A) in all the laboratories. The other Fig. 2 Temporal patterns of the stimuli used in the experiment.
Three kinds of steady duration and three kinds of decay time were used. 
Procedure
The method of constant stimuli was used. Steady state sounds of 200 ms duration were used as comparison stimuli and their levels were varied by 2 dB steps. A series of pairs, consisting of an impulsive sound and a comparison sound, were presented to the subjects in random order with 3 s silent intervals. Subjects were instructed to judge which of the two sounds was perceived as being louder. The instructions were also recorded on magnetic tapes and delivered to each laboratory, so the same procedure was followed in all the laboratories.
Subjects
Fifty-nine students (in the case of sine wave carrier signal) and fifty-two students (in the case of rectangular wave carrier signal), all with normal hearing ability, participated in this experiment as subjects.
RESULTS
The relation between LpE, and loudness (point of subjective equality or PSE) is shown in Figs. 4 and 5. The high correlation and small RMS (root mean The relation between LpE and the peak levels measured by means of time constants of 35 ms (Impulse Peak), 125 ms (Fast Peak), and 1 s (Slow Peak) is shown in Figs. 6 and 7. As far as the stimuli used in this experiment are concerned, LpE can be approximated by the Slow Peak. As the time constant became shorter, the correspondence between the peak level and LpE became less exact.
DISCUSSION
The following problems should be taken into consideration when LpE is adopted as a measure for the loudness of impulsive sounds.
The Relation between LpE and the Loudness of Impulsive Sounds
In the measurement of LpE the total energy is used for averaging the temporal fluctuation. This procedure is so simple that LpE is easily measured. This simplicity is one of the advantages of LpE.
Generally, the envelope patterns of impulsive Fig. 8 An example of the envelope pattern of impulsive sounds with amplitude-modulated decay used in the previous experiment conducted by Kuwano et al.17) sounds are very complex and different from one another.
Moreover, since impulsive sounds are transient sounds, they contain various frequency components. These factors may possibly affect the loudness of impulsive sounds.
In this experiment, the envelope patterns were controlled by duration and decay time. As shown in Figs. 4 and 5, there seem to be no systematic differences in the loudness of sounds of different durations and decay times, when LpE is adopted as a measure for impulsive sounds. This fact suggests that envelope patterns do not have a significant effect on the loudness of impulsive sounds, as far as the stimuli used in this experiment were concerned.
In this experiment, however, all the stimuli had similar envelope patterns. Therefore, the effects of temporal structures can be examined by making reference to our previous experiments. 18) Impulsive sounds with amplitude-modulated exponential decay were used. The carrier was 1 kHz sinusoidal wave, and the envelope patterns were controlled by changing the frequency of modulation (10, 15 , and 20 Hz) and modulation rate (50 and 75 %). An example of the stimulus patterns is shown in Fig. 8 . The loudness of these impulsive sounds was judged using the method of adjustment. From Fig. 9 it can be seen that the loudness increases as the modulation frequency and modulation rate increase. This finding suggests that the envelope patterns may have a statistically significant effect on the loudness of impulsive sounds. But from the practical viewpoint of noise assessment, this effect was not large (less than 1.3 dB), and LpE may be adequate Fig. 9 5. CONCLUSION Close examination shows that temporal structure has a statistically significant effect on loudness. It can also provide useful information concerning the mechanism of hearing. But from the practical viewpoint of noise assessment, this effect is so small that LpE is adequate for approximating the loudness of impulsive sounds. It was also suggested that peak level measured by means of a time constant of 1 s (Slow Peak) can be used to approximate the values of LpE of impulsive sounds.
